Genetically modified mice are commonly generated by the microinjection of pluripotent embryonic stem (ES) cells into wildtype host blastocysts 1 , producing chimeric progeny that require breeding for germline transmission and homozygosity of modified alleles. As an alternative approach and to facilitate studies of the immune system, we previously developed RAG2-deficient blastocyst complementation , and used to generate several other tissues or organs 5-10 , but an equivalent approach for brain organogenesis has not yet been achieved. Here we describe neural blastocyst complementation (NBC), which can be used to study the development and function of specific forebrain regions. NBC involves targeted ablation, mediated by diphtheria toxin subunit A, of host-derived dorsal telencephalic progenitors during development. This ablation creates a vacant forebrain niche in host embryos that results in agenesis of the cerebral cortex and hippocampus. Injection of donor ES cells into blastocysts with forebrain-specific targeting of diphtheria toxin subunit A enables donor-derived dorsal telencephalic progenitors to populate the vacant niche in the host embryos, giving rise to neocortices and hippocampi that are morphologically and neurologically normal with respect to learning and memory formation. Moreover, doublecortin-deficient ES cells-generated via a CRISPR-Cas9 approach-produced NBC chimaeras that faithfully recapitulated the phenotype of conventional, germline doublecortin-deficient mice. We conclude that NBC is a rapid and efficient approach to generate complex mouse models for studying forebrain functions; this approach could more broadly facilitate organogenesis based on blastocyst complementation.
. Blastocyst complementation has been extended to pancreas organogenesis 4 , and used to generate several other tissues or organs [5] [6] [7] [8] [9] [10] , but an equivalent approach for brain organogenesis has not yet been achieved. Here we describe neural blastocyst complementation (NBC), which can be used to study the development and function of specific forebrain regions. NBC involves targeted ablation, mediated by diphtheria toxin subunit A, of host-derived dorsal telencephalic progenitors during development. This ablation creates a vacant forebrain niche in host embryos that results in agenesis of the cerebral cortex and hippocampus. Injection of donor ES cells into blastocysts with forebrain-specific targeting of diphtheria toxin subunit A enables donor-derived dorsal telencephalic progenitors to populate the vacant niche in the host embryos, giving rise to neocortices and hippocampi that are morphologically and neurologically normal with respect to learning and memory formation. Moreover, doublecortin-deficient ES cells-generated via a CRISPR-Cas9 approach-produced NBC chimaeras that faithfully recapitulated the phenotype of conventional, germline doublecortin-deficient mice. We conclude that NBC is a rapid and efficient approach to generate complex mouse models for studying forebrain functions; this approach could more broadly facilitate organogenesis based on blastocyst complementation.
The complexity of the cerebral cortex is a longstanding obstacle to elucidating key questions about its development and function. Experiments on cultured neurons are limited in interpretability as often they do not recapitulate normal physiological conditions 11 , including the specific cues involved in regional patterning during development, activity-dependent synaptic pruning and experience-dependent plasticity. In vitro 3D brain organoid approaches can be problematic for similar reasons; in vitro approaches also do not allow neurobehavioural testing. Consequently, genetically engineered transgenic and germline mutant mouse models designed to interrogate specific gene functions in the cerebral cortex and hippocampus have been critically important for the field. However, the generation of such mutant mice using conventional methods requires breeding of chimaeras for germline transmission of the modified allele (Fig. 1a) , and is time-consuming, costly and limited to genes not required for early mouse development. Germline gene knockout approaches can also be impractical with respect to analysing complex genetic models that involve independently segregating alleles 12 . Thus, we sought to develop a blastocyst complementation approach to facilitate neurobiological studies of the mouse forebrain, by creating and repopulating a vacant forebrain niche during neurodevelopment.
To ablate dorsal telencephalic progenitors in mice, we crossed mice that express Cre recombinase from an Emx1 promoter with mice carrying a floxed STOP cassette upstream of an attenuated diphtheria toxin subunit A that was introduced into the Rosa26 locus 13, 14 . Emx1 is a homeobox transcription factor expressed at embryonic day (E)9.5 in dorsal telencephalic progenitors, which give rise to neocortical, hippocampal and olfactory bulb structures 14, 15 . We predicted that Emx1-cre;R26-DTA mice would lack neocortices and hippocampi, based on the findings of previous studies that tested Emx1 Cre-mediated deletion of factors required for neuronal survival 16, 17 , and the known ability of directed expression of diphtheria toxin subunit A to ablate specific cell lineages in mice 13, 18, 19 (Fig. 1b) . After being transferred into foster females, pups derived from Emx1-cre;R26-DTA blastocysts survived birth, acquired a characteristic pink coloration (Extended Data Fig. 1a ) and vocalized, which indicates they had normal respiratory and cardiovascular systems as well as functionally intact brainstems 20 . However, histological analysis of serial brain sections of the Emx1-cre;R26-DTA pups revealed extensive ablation of hippocampal, neocortical and olfactory bulb structures, resulting in fusion and dilation of the lateral ventricles over the thalamus (Fig. 1c) . The thalamus, midbrain, hindbrain and cerebellum appeared normal, consistent with the specificity of Emx1-cre recombination 14 . However, the mice exhibited incomplete jaw development, probably owing to off-target recombination (Extended Data Fig. 1a) , which is consistent with a similar defect documented in an independent mouse model using the same Emx1-cre strain 19 . We sought to repopulate the vacant dorsal telencephalic niche in Emx1-cre;R26-DTA mice by injecting wild-type donor ES cells into Emx1-cre;R26-DTA NBC host blastocysts, followed by transfer into foster females to generate NBC chimaeras (Fig. 1b) . Histological analysis of NBC chimaeras revealed complete reconstitution of hippocampal and neocortical structures (Fig. 1c) , and rescue of the jaw malformation (Extended Data Fig. 1a ). Reconstituted NBC chimaeras that display a normal jaw phenotype were viable, developed normally after birth and showed no increased mortality up to 24 months of age (Extended Data Fig. 1a-d) . Both male and female NBC chimaeras were fertile, and female chimaeras displayed normal nurturing behaviour towards their pups.
To directly assess and quantify donor and host cell contribution in NBC chimaeras, we generated and injected donor TC1 ES cells that expressed H2B-eGFP into blastocysts derived from Emx1-cre;R26-DTA Letter reSeArCH mice crossed with CAG-DsRed.T3 transgenic mice (see Methods and Extended Data Fig. 2 ). The DsRed.T3 transgene mediates widespread constitutive expression of the red fluorescent protein variant DsRed. T3, driven by the chicken β-actin promoter coupled with the cytomegalovirus immediate early enhancer. Thus, this strategy generates dual-labelled chimaeras in which cells derived from donor ES cells are eGFP-positive (green) and cells derived from host blastocysts are DsRed.T3-positive (red). Postnatal day (P)0 NBC chimaeras generated from Emx1-cre;R26-DTA;CAG-DsRed.T3 blastocysts injected with H2B-eGFP-expressing ES cells had nearly 100 per cent eGFP-positive cells in the hippocampus and cerebral cortex, indicating reconstitution of the vacant forebrain niche (Fig. 2a-c, e-g ). By contrast, conventional P0 chimaeras generated by injection of H2B-eGFP-expressing donor ES cells into CAG-DsRed.T3 blastocysts consistently showed substantially lower-and much more variable-percentages of eGFP-positive cells, owing to host-donor competition (Fig. 2a-c, e-g ). In the midbrain-where there is no ablation and thus no host-donor competition-both NBC and conventional chimaeras showed lower numbers of eGFP-positive cells and large chimaera-to-chimaera variability (Fig. 2d, h ), similar to other non-ablated tissues (Extended Data Fig. 3 ). We note that the small percentage of DsRed.T3-positive cells in the forebrain regions of NBC chimaeras probably corresponds to cells of host origin that are not derived from the dorsal telencephalon-for example, interneurons that migrate tangentially into the cortex, microglia that derive from resident macrophages or endothelial cells from blood vessels.
To assess the cytoarchitecture and lamination of the neocortex and hippocampus in P7 wild-type NBC chimaeras, we performed immunofluorescence staining for layer-specific markers 21 ( Fig. 3a-d and Extended Data Fig. 4 ). The reconstituted brains of wild-type NBC chimaeras at P7 were morphologically normal, and had layer widths and cellular densities that were indistinguishable from conventional chimaera controls (Fig. 3a-d and Extended Data Fig. 4 ). The numbers of oligodendrocytes, astrocytes and microglia in these chimaeras were similar to those of controls, and there were no signs of neuroinflammation (Extended Data Fig. 5 ). Correspondingly, basic neurological Nuclei were DAPI-stained (blue). e-h, Quantification of donor ES cell contribution in conventional (n = 4) and NBC chimaeras (n = 3). Data are mean ± s.d. Variance was significantly different between conventional and NBC chimaeras for CA1, CA3 and cortex (F test for equality of variances), reflecting the wide variation in donor contribution among individual conventional chimaeras, in contrast to the consistently high donor contribution in NBC chimaeras. No difference in variance was observed for midbrain (P = 0.5534; NS, not significant; F test for equality of variances), consistent with random donor contribution to this non-ablated brain region in both types of chimaeras. Scale bars, 10 μm. Letter reSeArCH functions were intact in the two-to three-month-old wild-type NBC chimaeras (Supplementary Table 1 ). We tested the behaviour of twomonth-old adult chimaeras in the novel-object recognition and Morris water maze paradigms to assess higher cognitive functions, as these two behavioural tasks are dependent on intact forebrain function 22, 23 . Adult wild-type NBC chimaeras performed indistinguishably from controls in both paradigms, which demonstrates that learning and memory are intact (Fig. 3e-h and Extended Data Fig. 6 ). Collectively, these studies indicate that NBC mice are indistinguishable from normal mice with respect to brain structure and function.
To further evaluate NBC, we tested the ability of this approach to rapidly assess a brain phenotype previously established by a conventional germline knockout approach 24, 25 . The gene doublecortin (Dcx) lies on the mouse X chromosome and encodes a microtubule-associated protein that functions in neuronal migration 26, 27 . Male mice in which the single Dcx copy is functionally abrogated show disrupted hippocampal lamination with a normal neocortex from age E17.5 onward, including at P0 and two months of age 24, 25 . We targeted male mouse ES cells via CRISPR-Cas9 to delete Dcx exons 2 and 3 (Extended Data Fig. 7a, b) , which encode the tubulin-binding domains that are essential for Dcx function 28 . Two Dcx −/Y ES cell clones, generated from independent deletion events (Extended Data Fig. 7c ), were injected into NBC blasto cysts to create NBC chimaeras. At P0, the resulting Dcx −/Y NBC chimaeras showed a marked reduction in Dcx in protein lysates from neocortical and hippocampal tissue relative to control NBC chimaeras generated from the parental wild-type ES cell line (Extended Data 24, 25 . At P0, we observed an abnormal division of the stratum pyramidale of the cornu ammonis (CA)3 region into an internal and external layer, which resulted in a distinct band of heterotopic neurons ( Fig. 4a, b) . We also noted a less-pronounced band of heterotopic neurons in the stratum oriens of the CA1 region (Fig. 4a ). When Dcx −/Y NBC chimaeras were examined at two months of age, the heterotopic band of CA3 neurons was still present; however, the CA1 hetero topias appeared to have resolved (Extended Data Fig. 8a, b) . The mutant hippo campal phenotype was reproducibly observed in all NBC chimaeras from both Dcx −/Y ES cell clones, demonstrating full recapitulation of the brain phenotype of germline Dcx knockout mice at both of the ages examined 24, 25 . Fig. 8d -i). Consistent with our findings with the NBC and conventional chimaeras that were generated with wild-type ES cells that express H2B-eGFP ( Fig. 2) , at P0 Dcx −/Y H2B-eGFP-expressing NBC chimaeras showed significantly higher donor contribution and lower variability in forebrain regions-but not in non-ablated tissuesthan conventional Dcx −/Y H2B-eGFP-expressing chimaeras (Extended Data Fig. 8d-f) . Moreover, at P0 all Dcx −/Y NBC chimaeras showed the well-characterized Dcx knockout phenotype with high consistency, which allowed clear-cut experimental analyses and conclusions (Extended Data Fig. 8g ). By contrast, Dcx −/Y conventional chimaeras showed highly variable penetrance of the Dcx knockout phenotype (Extended Data Fig. 8g ). This experiment therefore clearly reveals the advantage of using the NBC system, in which competition does not Layers (L) II-IV (Cux1; red), L V (Ctip2; green) and nuclei (DAPI; blue) are shown. b, Representative images of hippocampal sections from six independent P7 NBC (right) and conventional (left) chimaeras stained for Ctip2 (green) and DAPI (blue). c, Widths of somatosensory cortex layers in conventional (black) or NBC (yellow) chimaeras (n = 6 mice each) at P7. d, Widths of dentate gyrus (DG), CA3 and CA1 regions in conventional (black) or NBC (yellow) chimaeras (n = 6 mice each) at P7. Horizontal bars in c, d indicate mean ± s.e.m.; NS, not significant, P > 0.05 (unpaired, two-tailed t-test) . e, No significant difference in percentage of total exploration time spent on object 1 versus object 2 during habituation phase of novel-object recognition task in conventional (conv.) and NBC chimaeras. f, Significant preference for the novel object in male twomonth-old conventional (n = 15) and NBC (n = 14) chimaeras. Data represent mean ± s.e.m. Conventional chimaeras, novel versus familiar, P = 0.0051; NBC chimaeras, novel versus familiar, P < 0.0001 (one-way ANOVA, Tukey's post hoc correction). g, Schematic of Morris water maze task. h, Mean path length ( ± s.e.m.) to platform for conventional (black) or NBC (yellow) chimaeras in visual and learning trials. Dotted line indicates minimum possible path length to platform. No significant difference between male two-month-old conventional and NBC chimaeras (n = 16 mice each) in visual (F(1, 30) = 0.052, P = 0.822) or learning trials (F(1, 30) = 0.041, P = 0.841) (two-way mixed-model ANOVA). Path length across learning trials was significantly different, which indicates that both groups had learned the task (F(1.393, 41.787) = 34.57, P < 0.0005) (two-way mixed-model ANOVA with Greenhouse-Geisser correction for violation of sphericity). Scale bars, 100 μm. The NBC approach we describe provides a blastocyst complementation system that should greatly facilitate many in vivo studies of the cerebral cortex and hippocampus. Blastocyst complementation has previously been used to reconstitute several tissues and organs-including the mature adaptive immune system, ocular lens, pancreas, thymus, kidney and heart [2] [3] [4] [5] [6] [7] [8] [9] [10] -but until now blastocyst complementation has, to our knowledge, never been reported for the brain. NBC is based on ES-cell complementation of blastocysts that, owing to programmed ablation of blastocyst-derived dorsal telencephalic progenitors, cannot generate major forebrain structures. The approach works extremely well: we found consistent pup survival rates, recovery rates and litter sizes across a large number of experiments (Extended Data Fig. 9 ). Moreover, use of normal ES cells for NBC complementation leads to the generation of NBC chimaeras with donor-derived forebrain structures that are structurally and functionally indistinguishable from those of conventional chimaeras (Figs 1-3) . Thus, use of normal ES cells for NBC can reliably generate key structures of the brain, arguably the most complex organ in vertebrates. Furthermore, the use of Dcx −/Y ES cells for NBC complementation fully recapitulated the reported brain phenotypes of Dcx germline knockout mice (Fig. 4) . Thus, the NBC approach is anticipated to substantially accelerate studies of the function of genes and other genomic elements in cortical and hippocampal development and physiology in mice.
Previous blastocyst complementation approaches relied on the creation of cellular niches by inactivation of genes that are critical for organ development in blastocyst-derived progenitor cells [2] [3] [4] [5] [6] [7] [8] [9] [10] . By contrast, NBC abrogates organogenesis by selective progenitor cell ablation, via targeted expression of diphtheria toxin subunit A. The general ablation strategy that we use for NBC should also be applicable to blastocyst complementation approaches in the context of other brain regions and other organ systems. Compared to traditional methods used to generate genetically modified mice via germline genetic modifications, NBC offers many of the same advantages for brain studies that have been extensively documented for RAG2-deficient blastocyst complementation in the context of studies of the immune system. As documented by our studies of the Dcx mutation, genetic modifications introduced into ES cells using CRISPR-Cas9 approaches can be rapidly and accurately assessed via NBC, even with respect to causing a subtle brain phenotype. As extensively documented in RAG2-deficient blastocyst complementation analyses of the immune system 12, 29, 30 , multiple genetic modifications can be introduced into ES cells, which then could be analysed directly for effects on forebrain development, function or disease in NBC chimaeras. This would eliminate the time-consuming and often prohibitive task of intercrossing multiple, segregating alleles in mutant mice 12, 29 . Finally, recent studies have focused on analyses of interspecies chimaeras 4, [8] [9] [10] ; the NBC approach could provide an ideal platform for such studies in the context of forebrain development and function.
Online content
Any methods, additional references, Nature Research reporting summaries, source data, statements of data availability and associated accession codes are available at https://doi.org/10.1038/s41586-018-0586-0. . For all studies, NBC chimaeras with normally developed jaws were analysed. The following parental ES cell lines were used for blastocyst injections: TC1 (a gift from P. Leder, Harvard Medical School; 129Sv; used for analysis of brain morphology, donor versus host contribution, and Dcx mutation), EF1 (derived in house from a 129Sv:C57BL/6 F1 hybrid mouse; used for analysis of brain morphology and behaviour experiments), R26-lacZ (TC1-derived; a gift from S. H. Orkin, Boston Children's Hospital; 129Sv; used for brain morphology analysis). All cell lines were confirmed to be mycoplasma free.
ES cell culture, CRISPR-Cas9 gene editing, fluorescent labelling of cells and generation of Dcx
−/Y mice. ES cells were maintained on a monolayer of gamma-irradiated mouse embryonic fibroblast feeder cells and passaged every 2-3 days. Cells were cultured at 37 °C and 5% CO 2 in DMEM medium supplemented with 15% (v/v) fetal bovine serum, 20 mM HEPES (pH 7.4), 2 mM l-glutamine, 50 U/ml penicillin/streptomycin, 0.1 mM MEM non-essential amino acids, 50 μM β-mercaptoethanol, and 500 U/ml recombinant mouse leukaemia inhibitory factor. To generate fluorescently labelled ES cell lines, wild-type TC1 and Dcx mutant ES cells (described below) were transduced with the lentiviral plasmid FUHGW (H2B-eGFP driven by the human Ubc promoter) 33 , a kind gift from G.-L. Xu (Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences). Two Cas9 single-guide RNAs (sgRNAs) targeting the Dcx locus (see Supplementary  Table 2 for nucleotide sequences) were cloned into the pX330 vector (Addgene plasmid 42230), and nucleofected into wild-type TC1 ES cells (1 μg each pX330 vector per 2 × 10 6 cells) according to the Amaxa 4D-nucleofector protocol (solution P3, CG-104, Lonza). A puromycin-resistance plasmid was co-transfected to enable positive clones to be identified by puromycin selection. ES cell clones with Dcx deletion were identified by PCR screening, Southern blotting (see below) and nucleotide sequencing of the deletion junction (see Supplementary Table 2 for details and oligonucleotide sequences). The two independent ES cell clones (referred to as Dcx 7F and Dcx 8E) used for blastocyst injections were confirmed to have a normal karyotype by metaphase analysis. Clones were also confirmed by Southern blotting to be negative for genomic integration of the pX330 plasmid backbone or the puromycin-resistance plasmid backbone. For a detailed protocol of the above methods, see Protocol Exchange 32 . As Dcx is developmentally regulated, mice were analysed at P0 for Dcx expression. For assessment of hippocampal and cortical phenotypes, two differently aged cohorts of NBC chimaeras (Dcx 7F or Dcx 8E ES cells into Emx1-cre;R26-DTA blastocysts) and control chimaeras (wild-type parental TC1 ES cells into Emx1-cre;R26-DTA blastocysts) were analysed. For the P0 cohort, n = 6 for Dcx 7F, n = 4 for Dcx 8E and n = 11 for wild-type controls. For the two-month-old cohort, n = 6 for Dcx 7F, n = 8 for Dcx 8E and n = 5 for wild-type controls. Additional mouse cohorts were generated using Dcx −/Y H2B-eGFP-expressing ES cells and analysed at P0; n = 3 for Dcx
−/Y
H2B-eGFP-expressing NBC chimaeras (Dcx −/Y H2B-eGFP-expressing ES cells into Emx1-cre;R26-DTA;DsRed.T3 blastocysts) and n = 3 for control chimaeras (Dcx −/Y H2B-eGFP-expressing ES cells into R26-DTA;DsRed.T3 blastocysts). In all cases, sample order was randomized and investigators were blinded to genotype. Histology and immunofluorescence analysis. Mice were anaesthetized with ketamine and xylazine, and transcardially perfused with ice-cold PBS before brain removal and fixation. For histological analyses, hemi-brains were fixed overnight in Bouin's solution (Sigma) at 4 °C with gentle agitation, embedded in paraffin and sectioned at 5 μm. H&E staining was performed on coronal brain sections per standard protocols. For Nissl staining, brains were fixed in 4% (w/v) paraformaldehyde at 4 °C for 24 h with gentle agitation, cryoprotected in 30% (w/v) sucrose in 0.1 M sodium phosphate buffer overnight at 4 °C, embedded in optimal cutting temperature compound and cryosectioned at 35 μm. Coronal sections were mounted onto glass slides and dried. Slides were rehydrated in TBS, stained with thionin solution (0.25% (w/v) thionin, 1.2% (v/v) glacial acetic acid, 0.144% (w/v) sodium hydroxide) for 1 min, dehydrated by incubation in a series of increasing ethanol concentrations, cleared with xylene and coverslipped (Permount mounting medium; Electron Microscopy Sciences). Images were acquired with an Olympus BX51 microscope and a Micropublisher 5.0 RTV camera (QImaging) and processed with the QCapture software (QImaging).
For immunofluorescence analyses, hemi-brains were fixed overnight in 4% (w/v) paraformaldehyde at 4 °C with gentle agitation. For use with GABA and GAD67 antibodies (see below), 0.2% (v/v) glutaraldehyde was added during this fixation step. Fixed brains were cryoprotected, embedded and cryosectioned at 35 μm. Floating coronal sections were rinsed in TBS, quenched in 50 mM NH 4 Cl, permeabilized with 0.4-1% (w/v) Triton X-100, blocked (5% (v/v) serum from the species used to generate the secondary antibodies and 0.5% (w/v) fish gelatin, 0.2% (w/v) , and then incubated with primary antibody at 4 °C overnight. The following primary antibodies were used: Cux1 (CDP; rabbit polyclonal, 1:250; sc-13024(M-222), Santa Cruz Biotechnology), Ctip2 (rat monoclonal (clone 25B6), 1:100, ab18465, Abcam), GFAP (rabbit polyclonal, 1:1,000; Z0334, DAKO), Olig2 (rabbit polyclonal, 1:1,000; AB9610, Millipore), Iba1 (rabbit polyclonal, 1:1,000; 019-19741, Wako chemicals), Dcx (rabbit polyclonal, 1:1,000; ab18723, Abcam; or goat polyclonal, 1:1,000; sc-8066 (C-18), Santa Cruz Biotechnology), GABA (rabbit polyclonal, 1:1,000; A2052, Sigma), GAD67 (mouse monoclonal (clone 1G10.2), 1:500; MAB5406, Millipore), Satb2 (mouse monoclonal (clone SATBA4B10), 1:500; ab51502, Abcam), Foxp2 (rabbit polyclonal, 1:1,000; ab16046, Abcam). Sections were washed three times with TBS or TBS with 0.05-0.1% (w/v) Triton X-100 and incubated with secondary antibody (1:500; Alexa Fluor 488, 594 or 647; Thermo Fisher Scientific) for two hours at room temperature. Sections were washed twice with TBS or TBS with 0.05-0.1% (w/v) Triton X-100, mounted on SuperFrost Plus glass slides and coverslipped with DAPI Fluoromount-G (SouthernBiotech). Non-brain tissues (heart, lung, kidney and tail) were fixed and sectioned similarly to the brains.
For image acquisition and analysis, sample order was randomized and investigators were blinded to genotype. Images were acquired with a Zeiss confocal spinning disk microscope (Yokogawa CSU-X1, 3i Intelligent Imaging Innovations) and a QuantEM:512SC EMCCD camera (Photometrics) and processed with SlideBook6 software (3i Intelligent Imaging Innovations). To assess donor and host contribution, brain slices from P0 NBC chimaeras with normal jaw morphology indicative of successful ES cell contribution (wild-type H2B-eGFP-expressing or Dcx For analysis of layer widths and cell densities, brain slices from P7 NBC chimaeras (TC1-derived ES cells or EF1 ES cells injected into Emx1-cre;R26-DTA blastocysts) and conventional chimaera controls (TC1-derived ES cells or EF1 ES cells injected into wild-type strain-background-matched blastocysts) were analysed. Width of layer (L) I-VI, L II-IV and L V was determined by DAPI, Cux1, and Ctip2 immunostaining, respectively. L I and VI were determined by the boundary of cortex and adjacent layer markers. The widths of cortical layers in Dcx −/Y H2B-eGFP-expressing chimaeras were analysed similarly using brain slices from P0 NBC chimaeras (Dcx −/Y H2B-eGFP-expressing ES cells injected into Emx1-cre;R26-DTA;DsRed.T3 blastocysts) and control chimaeras (Dcx −/Y H2B-eGFP-expressing ES cells injected into R26-DTA;DsRed.T3 blastocysts) and the width of layer II-IV was determined by DAPI staining. Graphed data points represent the average measurements or cell counts from twelve coronal stepsections per mouse. For each section, layer width in the hippocampus was estimated from seven measurements across each hippocampal region, and layer width in the cortex was estimated from three measurements across the somatosensory cortex (S1). Quantification of dentate gyrus measurements was performed in at least three hippocampal sections per mouse. Numbers of mice analysed are stated in the figure legends. Dentate gyrus area was measured by outlining the dentate gyrus region. Dentate gyrus length and width were assessed by determining the length of the granule cell layer and the distance between the ends of the granule cell layer, respectively. Southern blotting. Genomic DNA was prepared by lysing cells at 56 °C overnight in lysis buffer (200 mM NaCl, 100 mM Tris-Cl pH 8.0, 5 mM EDTA, 0.2% SDS), supplemented with 0.2-0.4 mg/ml proteinase K, followed by precipitation and purification by phenol-chloroform-isoamyl alcohol extraction according to standard protocols. DNA was digested with the indicated restriction enzymes, genomic fragments were separated by agarose gel electrophoresis, transferred to nylon membranes (Zeta-Probe GT, Bio-Rad) and hybridized with radiolabelled DNA probes according to standard protocols. Details of Dcx probes are listed in Supplementary Table 2 .
Letter reSeArCH
Protein extraction and immunoblotting. Whole-cell extracts were prepared from micro-dissected cortical and hippocampal tissue in ice-cold THB buffer (250 mM sucrose, 20 mM Tris pH 7.4, 1 mM EDTA, 1 mM EGTA), supplemented with protease inhibitors (cOmplete EDTA-free protease inhibitor cocktail, Roche) and 0.5 mM PMSF. Tissue was homogenized by 30 strokes of a Teflon pestle in a Potter-Elvehjem tissue grinder (#19; Kontes). Protein concentration was determined (Bio-Rad Protein DC assay), samples were briefly sonicated, 6 × SDS sample buffer (0.5 M Tris-Cl pH 6.8, 30% (w/v) glycerol, 10% (w/v) SDS, 0.6 M dithiothreitol, 0.012% (w/v) bromophenol blue) was added to a final concentration of 1× and samples were denatured by incubation at 95 °C for three minutes. Equal amounts of protein were separated by SDS-PAGE, followed by immunoblotting with primary antibodies against Dcx (rabbit polyclonal, 1:10,000; ab18723, Abcam) and βIII-tubulin (rabbit polyclonal, 1:20,000; ab18207, Abcam). Neurobehavioural analysis. Cohorts of two-to three-month-old male mice generated by injection of two different ES cell lines were tested: a larger cohort generated from wild-type EF1 donor ES cells and a smaller cohort generated from wild-type TC1 donor ES cells. Cohorts of age-matched, male conventional chimaeras generated from the same donor ES cell lines were used as controls. Mice were randomized for testing and investigators administering the tests were blinded to genotype. Before behavioural testing, mice were transferred to the testing room and allowed to acclimatize for at least 30 min. Basic autonomic, neurological, and sensory functions were assessed using a modified SmithKline Beecham, Harwell, Imperial College, Royal London Hospital phenotype assessment (SHIRPA) protocol 34 . Parameters were scored in accordance with guidelines from the 'International Mouse Phenotyping Resource of Standardised Screens' developed by the International Mouse Phenotyping Consortium. Novel-object recognition. The novel-object recognition task was administered in a square arena (30 × 30 cm) maintained at 30 lx throughout the experiment. During the habituation phase, mice were allowed to explore the arena and two identical objects freely, and the trial was stopped once the mouse had explored both objects for a combined total of 20 s. The mice were then returned to the home cage for a 10-min inter-session interval. During the testing phase, one of the objects was replaced with a novel object, and mice were allowed to explore freely for 5 min. The position of the novel object was randomized for each trial. Mice were monitored by automated, multiple body point video tracking with an overhead camera (Ethovision XT 11.5, Noldus Information Technology), and novel-object discrimination was calculated as the percentage of total exploration time spent exploring the novel or familiar object. Locomotor activity (distance travelled in cm) was determined by automated video tracking. Nose-point heat maps, track maps and videos were generated for visualization purposes. Morris water maze. Mice were placed in a circular pool (137-cm diameter) filled with room-temperature water, divided into quadrants marked with visual cues for spatial orientation. Swim patterns were recorded by automated video tracking (Ethovision XT 11.5, Noldus Information Technology) . Track maps for each mouse were visually inspected, and a total of three conventional chimaeras were excluded owing to technical tracking issues. In the visual phase (day 1), mice were given 90 s to swim to a visible platform elevated 0.5 cm above the water and marked with a flag. The position of the platform was kept constant, but the starting quadrant varied. Four starts (each from one of the four quadrants) were administered in one trial, and two visual trials were administered during day 1. In the learning phase (days 2 and 3), the platform was moved to the opposite quadrant, submerged 0.5 cm below the water and the flag was removed. Mice were given 90 s to find the hidden platform and left on the platform for 5 s to orientate themselves. Mice that did not find the platform within 90 s were guided to it. Each mouse completed three learning trials on day 2 (Trials 1 to 3), and two learning trials on day 3 (Trials 4 and 5), with each trial comprising four starts each. In the probe trial (day 4), the platform was removed. Mice were placed in the quadrant opposite the quadrant that had previously contained the platform (north east, NE), and given 60 s to swim. Time spent and path length traversed in each of the four quadrants was recorded. Statistical analysis. Graphs were generated using GraphPad Prism 6.05. Data from the quantification of donor ES cell contribution were analysed with an unpaired Welch's t-test, and F test for equality of variances. Data from the quantification of cortical and hippocampal widths and cell densities were analysed with an unpaired, two-tailed t-test. Data from the novel-object recognition testing were analysed with a one-way ANOVA with Tukey's post hoc correction. Morris water maze data for two-way mixed-model ANOVA analysis were first tested for normality and sphericity, using the Shapiro-Wilks test in GraphPad Prism and Mauchly's test in SPSS Statistics, respectively. Morris water maze data were found to be normally distributed, and in cases in which the data were found to violate the assumption of sphericity, the Greenhouse-Geisser correction was used to correct the F statistic and assess statistical significance. Data were then analysed in SPSS Statistics with a two-way mixed model ANOVA, with genotype (NBC chimaera and conventional chimaera) as the between-subject factor, and path length or latency to platform (visual and learning trials), or path length within each quadrant (probe trial) as the within-subject factor. Bonferroni post hoc correction was applied in cases in which multiple pairwise comparisons were performed. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
All data generated or analysed during this study are included in this manuscript and its Supplementary Information. wild-type non-chimeric pup from a normal mouse breeding cross; conventional chimaera generated by injecting donor ES cells into a wild-type host blastocyst; NBC chimaera without reconstitution of the forebrain using donor ES cells ('ablated'); and NBC chimaera with reconstitution of the forebrain using donor ES cells ('reconstituted'). Note the abnormal head curvature of the ablated NBC chimaera relative to the other mice (black asterisks), consistent with the lack of a forebrain. Also note the lack of a milk spot (blue asterisks), consistent with the inability to suckle as a result of incomplete jaw development. At least three mice per group from independent experiments were analysed with similar results. b, Bodyweight gain of conventional and NBC chimaeras with normal jaws (n = 7 each) in the first postnatal week. Data represent mean ± s.d.; not significant, P > 0.05 (multiple unpaired, two-tailed t-tests, Holm-Sidak post hoc correction) for all data points. c, Body weights of 2-3-month-old male conventional (n = 18) and NBC (n = 16) chimaeras. Data represent mean and s.d.; NS, not significant, P > 0.05 (unpaired, two-tailed t test). d, Postnatal survival rate of conventional (n = 16 males) and NBC (n = 16 males) chimaeras; NS, not significant; P > 0.05 (two-sided log-Rank, Mantel-Cox test. # One conventional chimaera was euthanized because of a genital mass.
## Four NBC chimaeras died because their cage flooded; all other mice were euthanized at 24 months of age. Male two-month-old conventional and NBC chimaeras (n = 16 mice each) were analysed. Data represent mean and s.e.m.; no significant difference was observed between conventional and NBC chimaeras across the visual trials (F(1, 30) = 0.223, P = 0.640) or learning trials (F(1, 30) = 0.296, P = 0.590) (two-way mixed-model ANOVA). A significant difference was observed in latency over the learning trials, indicating that both groups of mice are able to learn (F(1.627, 48.815) = 29.426, P < 0.0005) (two-way mixed-model ANOVA with Greenhouse-Geisser correction for violation of sphericity). d, Path length traversed in each quadrant by conventional and NBC chimaeras during the probe trial. Male two-month-old conventional and NBC chimaeras (n = 16 mice each) were analysed. Data represent mean and s.e.m.; no significant difference between conventional and NBC chimaeras (F(1, 30) = 1.433, P = 0.241) (two-way mixed-model ANOVA). Significant preference was observed for the north-east (NE) quadrant where the platform had previously been located, indicating memory retention of the prior platform location; ***P < 0.001 (multiple pairwise comparisons with Bonferroni post hoc correction). 
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability
All data generated or analyzed during this study are included in this manuscript (and its supplementary information files).
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Eukaryotic cell lines Policy information about cell lines Cell line source(s)
Parental ESC lines used were TC1 (gift from P. Leder; 129Sv), EF1 (derived in-house from a 129Sv:C57BL/6 F1 hybrid mouse), and R26-lacZ (gift from S. H. Orkin, 129Sv). 293T cells were obtained from ATCC. Primary mouse embryonic fibroblasts were derived in-house.
Authentication
Cell lines were authenticated by Southern blotting and PCR genotyping.
Mycoplasma contamination All cell lines tested negative for mycoplasma contamination, as stated in the Methods section.
Commonly misidentified lines (See ICLAC register) No commonly misidentified cell lines were used.
Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research
Laboratory animals
Our study involved mice acquired from Jackson Laboratory on a C57BL/6 or 129Sv:C57BL/6 background and CD-1 foster females and vasectomized CD-1 males from Charles River Laboratories. Studies were conducted using both male and female mice. Ages of mice ranged from E18.5 to 24 months of age, as indicated in the manuscript text and figure legends.
Wild animals
The study did not involve wild animals.
Field-collected samples
Study did not involve samples collected from the field.
